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EFFECT OF MISALINEMENT OF STRAIN-GAGE
COMPONENTS OF STRAIN ROSEITES

By 8. S. Manson and W..é. Morgan

SUMMARY

A mathematical analysls was made of the effect of misalinement
among the components of rectangular and equiangular straln rosettes
on the determination »f the magnitudes and directions of principal
straine. Misalinements of +2° emong individual gages introduce no
serious errors in the computation of principal strains from rosette
date. Errors caused by a glven misalinement are proportional to
the maximum shear strain at the test point and the effect is most
important in reglons of pure shear.

The equations derived in the analybtical investigation provide
corrections that are applicable only if the misslinements are known.
These squations indicate qualitatively the limita of accuracy with
which strain determinations can be made when the possibllity of
misalinement exists. Verification of the analysls was made by
experimental investigation of the bsehavior of a rosette the misaline-
ment of which was known,

INTRODUCTION

The application of strain rosettes for the determination of
magnitude and direction of principal strains at selected pointes on
a gtressed surface is well known and several technidues have ,been
developed for anslyzlng the rogette data inbto the requisglite princi-
pal strains and their directions (references 1 to 7). The methods
of anslysis teke for granted thet the strain gages constituting
the rosette are allined at definite angles to one another; for
example, 0°, 45°, and 90° in the rectangular rosette or 0°, 600,
and 120% in the equiangular rosette. Although sitrain rosettes are
now commercially avallable and there is little reason to doubt the
accuracy of their alinement, speclal applications in stress analysis
of'ten require that a rosette be constructed from individuasl gages.
Unless great care is taken to orient the gages of the rosette, some
misslinement is generally found to exist among the gages. Specula-
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tion arises as to the error that might be- introduced by misaline-
ments of 1° or 2° which might normally be expected among the gages
off an improvised rosette.

This speculation has a foundation inasmuch as the equations
for two-dimenslonal straln distribution about a strained peint indi-~
cate that in the region of certain critical directions the linear
gtrain rapidly changes when the direction along which the strain is
measured ig only slightly varied. Consider, for example, the strain
distribution sbout a point at which the principal strains are 2000
and -1i000 microinches per inch. AL 43° to the direction of maximum
strain, the linear strain is 608 microinches per inch, at 45° the
strain is 500 microinches per inch, and at 47- the strain is
392 microinches per inch, Thus, a gage oriented presumsbly at 45°
to the major principal direction but actually at 45 +2° ig capabls
of a etraln indiecation anywhere between 392 to 608 microinches per
inch. This range of strain is, of course, serious; it 1s con-
celvable, however, that if the gage 1s part of a rosette 1ts
unfavorable angular orientation may be compensated by the more
favorable anguler orientatlions of the other gages along dlrections
in which emall Iincrements of angle do not affect the straln indi~
cation. The principal strains as computed from the rosette data
may therefore not be in error as much as the stralin indicatlon of

any one gage.

A mathenatical anelysis of the errors in the determination of
direction and magnltude of principal straine that are introduced
by misalinement of the gages of a rosette is presented with some
deductions that can be drewn from the results of the analysis.

A method is also suggested for checking representative rosettea of
e given design and construction for exactness of alinement.

EQUATTIONS FOR ERRCRS DUE TO MISALINEMENT

The mathematical derivations for the effect of misalinement
of the strain-gage components of strain rosettes are glven in the
appendix, The derivatlons consist of substlituting the erroneous
atralns obtained from the misalined rosetts into the formulas
gonerally used for reducing data obtained from properly allned
rosettes, The apperent principal strains and thelir directions as
they would be calculated by an oporator not knowing that the gages
of the rosette wero misaelined are compared with the true princl-
pal straine and their directions and the errors Ilntroduced by mie-
alinement thereby determined In the form of correction factors.
The errors are debermined for rosettes of rectangular and oqui-
angular design and are dofined by the following equations:

2
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Cags I - Rectangular rosette, gages theoretically 001745?,
and 90% apart. -

€p' = €p + 0.00875 "max Moo (1)
where M 1is

[(45 - 8y) sin 261 + (A3 - 0.58; - 0.583) sin 467 + (Az - 83) sin® 26;]

€q' = €q + 0.00875 7max M (2)

where M 1is I

[(az - a71) sin 267 - (Ap - 0.5A7 - 0.5A3) sin 467 - (A3 - A1) sin® 26,]

6p' =65 - [ 4 cos® 20y + 0.5 (A + Ag) sin® 20, - 0.25 (4 - Az) sin 46;]
(3)

and

€ps €g true major and minor principal strains at test point

€p” eq' apparent major and minor principal strains as calculated
by neglsecting misalinement of gage components of

rogetie
- Tmax maximum ghear strain at test point
&y theoretical angle of reference gage 1 of rosettes measured

counterclockwise from direction of €pe (The gages of

8 rosette are arbltrarily numbered 1, 2, and 3., In
rectangular rosettes, gages 2 and 3 are theoretically
oriented at 45° and 90° counterclockwise to gage 1; in
equiangular rosettes gages 2 and 3 are oriented at 60°
and 1200 counterclockwise to gage 1.)

0’ GP‘ directions of €p and eP' measured counterclockwise
from gage 1, degrees '

A3,85,83 misalinement of gages 1, 2, and 3. (Misalinement is
defined as the angle in degrees between the theoret-
ical and the actual directions of gages 1, 2, and 3.
A1, Az, and Az are positive If gages 1, 2, and 3
are oriented at slight counterclockwise angles to
thelr theoretical directions as shown in fig. 2.)

3
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Case II - Equiangular rosette, gages theoretically 0°, 60°,
and 120° apart. - :

€p' =ep + 0.00875 7n_aax1‘? | (4)

where M 1s - -

[ii (az = A5) (cos 26y ~ cos 461) +3 (Az + A3 - 24y)(sin 26; + sin 4615]

+ 0.00875 7max ¥ - (5)

€qg T €q

where M 1s
[!g.(A3 - Ap)(cos 261 + cos 467) + % (A2_+ Az = 247)(sin 267 - a@in 46¥ﬂ

-~ M (6)

where M is

[ﬂ% (83 - 42) sin 401 + % (85 + 85)(2 cos® 26) + 1) + 2 4, ota® zel:]

FFFECT OF MISATINEMENT

The user of a rogette does not, in general, know how much
misalinement is present among the gages constituting the rosette;
hence, the proper correctlons as defined by equations (1) to (8)
cannot ‘be applied. The equations have utility, however, in
pointing to qualitative errors that might be expected in a glven
application and to some general princlplss that constitute good
technique in interpreting strain-rosette data.  Several important
deductions that may be made from the equatlons are summarized as
follows: :

1. The error in the debermination of magnitude and directions
of principal stralns resulting from the use of a misalined rosette
depends upon the orientation of the reference gage of the rosette
relative to the princlpal axes as well as misalinements among the
gages within the rosette. This factor is to be expected inasmuch
gs the general orlentatlion of the romette determines whether one
or more gages of the rosette will be oriented along a critical
direction in which the strain rapldly varies with slight changes
in angular orlentatlon,
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2. Small anguler misalinements of the strain gages of a rosette
can result in determinations of principal strains that are only mod-
erately different from the true principal strains. Unless deter-
minations accurate within better than 2 percent of princlpal stralins
are required, misalinements of 1° or 2° may be tolerated.

An inspection of equations (1) to (6) shows thaet, assuming all
the A's to be of the same magnlitude A (but of unknown sign), the
limits of the possible errors are glven by:

€p' “€p< 0.052 7pay A
€q' ~€q< 0.052 7y & 5 rectangular rosette
GP’ - GP < 2.5 A )
eP' —ep < 0.032 Ymax AN
€qf -€gq < 0,032 7.4 8 ) equiangular rosette
GP’ - QP < 1.6 A J

3. When the problem of misalinement is conslidered in a prac-
tical application, there appears to be little inherent advantage in
using eilther the rectangular or equiangular rosette in preference
to the other. Although the equiengular design may be better than
the rectangular for a glven misalinement and reference-gage orien-
tation, random misalinements and reference-gage orientations may
produce as much error in one type of rosette as in the other.

4. For a given misalinement among the gages of a rosette and
orientation of the reference gage relative to the principal axes,
the error in the determination of the principal straine 1s propor-
tional to the maximm shear strain at the test point. Thus, par-
ticular concern should be given to allnement of gages when measure-
ments are to be mede in flelds of pure shear.

5. The error in the determination of principal directions from
date obtained from misalined gages of a gtrain rosette is of the
same order of magnitude as the misalinements of the gages within
the rosette; that is, no disproportionate errors in locating the

principal directions are introduced by moderate misalinements in the

gages of the rosette.
6. As a deduction from deduction 5 and the property of rectan-

gular rosettes given in deduction 3, it follows that an accurate
method of determining the principal strains at a desired point, even

S
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when some doubt exists as to the proper alinement of gages in avall-
able rosettes, is to determine first the approximate dlrectlons of
principal straine by meens of a rosette and then to determine the
magnitude of the principal strains from a second rectangular rosette
go orlented that the refersnce gage lies very neariy along & prin-
cipal direction.

EXPERIMENTAL CHECK ON MISALINEMENT OF ROSETTE GAGIS

An experimental survey was conducted to determine the errors
introduced by misalinement of-the straln gages of & rectangulear
rosette. The rosette was constructed of three bobbin-wound
Bakselite~impregnated strain gages of l/lG-inoh gage length. Gages
of l/lﬁ-inch offective length were used in preference to larger sizes i -
in order to obtain a rosette of very emall dimensions, These small
gages have been used at the Cleveland laboratory for some time and
have proved to be as reliable as any of the larger sizes. Because
no gpecial precautions were taken to aline the gages perfectly, some
misalinement was expected among the gages. The rosetie was mounted
et the center of an accurately machined l6-sided duralumin polygon
gimilar to that used by Dow in reference 8. Figure 1 shows the
polygon and the attached gages.- - - . - - -

The polygon was then mounted in a hydrawlic testing machlne of
120,000-pound capacity and the strain Indication of each of the
three gages was observed as the load on the block was increased in

o
increments of 20,000 pounds., The block was then rotated 22% and

the strain indication of each of the gages again observed for oqual

0
increments of load. Surveys were conducted for each 22%° rotation
for 180°, o ’ : T a : - -

The exact alinement of the gages relative to one another was
then determined in the following menner:

If threo successglve giraln Indicatlons are obtalned from a
single gage of the rosette as the duralumin block is loaded on palrs
of facss 45° apart, theso indications can be considered as the indi-
cations from the three gages of a perfectly alined rosette, Bsecause
the duralumin block 1g accurately machined, the faces are exaculy 45°
apart; hence, the gagos of the hypothetical rosette relatlve to the
principal axes of straln can then bo deturmlnod from the three straln
readings and, ingssmuch as the princilpal axes of the loadad polygon
aro known to bo porpendicular and parallel, rospectlively, to the
loadod facos, the diroction of each gage can be dotermined 1n rolation
to known dlrections on the duralumin block, In this manner it was

6
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determined that the rosette tested consisted of gages at angles of
0.875%, 48°, and 92,08° relative to the assumed direction of gage 1
instead of the ideal 0°, 45°, and 90°; hence,

= o] _ 0 _ o]
8y = 0.875%, Ay = 3°, and Az = 2.08

A camparison of the true principal strains, the principal
strains as detormined from simultanéous readings of the rosette,
znd the theoretical principal stralns as calculated from the equa-
tions derived in this report is glven in table I. Experimental
values closely agree with the valuss predicted by the equations
derived in this report. Pecause the experimental results do not
excesgively deviate from the theoretical results, misalinements of
the order of 2° can be tolerated with only moderate errors in com-
puted apparent principal strains,

The strain at an engle 6 to the major princlpal strain is
given by the fornula '

o =% [(‘-p +€q) + (€5 - €g) cos ze] NG

A perfect strain gage orlented along the direction € will yield
an indication pronortional to the strain as given in equation (7).
Short gages, such as those used in this experiment, are affected
by cross strains as well as by the strain along which the gage i1s
alined but the gtrain indication of the gage can still be given by
the relation

€g = @ + B cos 26 (8)

where o and £ are variaebles that depend on the principal strains
as well as on the mize of the gages. When the data from a rosette
consisting of gages that are subject to cross strains are substituted
in the usual formulas for determining principal strains, the calcu-
lated strains are not the principal strains but the strains numer-
ically equal to (o + 8) and (a - B). '
A

Because the derivabtlons of the correction factors dld not take
into account cross strains, these corrections apply to the principal
strains only when the gages employed are not subject to crogs strains
and to the values of (o + B) and (o - B) whon the gages are subjected
to cross strains, This experiment verified that the correctlions
apply to the values of (a + B) and (o - B).
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CONCLUDING REMARKS

The method used to determine the misalinements present in the
rosette tested also provides a general method of checking repre-
gentatlve rosettes of a glven design for accuracy of alinement. A
gample rosette may be applied to the center of an accurately
machined polygon and the orientmtion of each gage Independently
determined relative to fixed axes on the polygon. The relative
orientation of the gages among each other may thereby be very
accurately determined.

Aircraft Engine Research Laboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohlo, April 17, 1946.



NACA TN No. 1133

APPENDIX - DERIVATION OF EQUATIONS

The true strain €57 at en engle 6 to the direction of the

ms jor principal axie is given by the following equation from ref-
erence 5 (p. 30):

(E +€q) (€ - € )
lee = 15 > + P > <! cos 26 ) . (9) e -

Gage 1 1s at an angle of (360° + A7) to its assumed direction and -

therefore at an angle of (81 + 360° + A;) to the major principal
axis. Hencs

€ = % [(ep *'Eq) + (€p - eq) cos 2(6 + 360 + Alﬂ
q' = % [(qp +eq) + (e - €q)(cos 263 cos 24y - sin 26 sin ZAl)] o
where . -

€', €p', €3 strains indicated by gages 1, 2, and 3 of rosette

91 angle of gage 1 from direction of majJor principal
axis, deg '

If A 1is a small angle expressed in radlans

cos 245 =1
sin 24 = 245
Or if A, 1is expressed in degrees, as is done in thils report

cos 24z = 1

sin ZAZ 0.035 Az

and
€' =% [(e:p + eq) + (cp - eq)(cos 26, ~ 0.035 Ay sin 291):} (10)

Case I - rectangular rosette., - Gage 2 1s at an angle of
(45° + 45) to gage 1 and therefore at an angle of (81 + 45° + Aj)

to the mejor principal axis. The strain €2' 1s expressed by

€' =% [(ep + €q) + (ep - €4) cos 2(61 + 45 + 43)]
Lo 9
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which reduces to
o' =5 [(ep +eq) = (ep - €q)(oin 20; + 0,035 Ay cos 261)]  (11)
Gage 3 is at an angle of (90° + Az) to gage 1 and therefore at an _
angle of (91 + 90° + A3) to the major principel axis. The strain ¢z’
is expressed by

&' = % [{ep + eq) + (ep - €q) cos 2(ey + 90 + Az)]
which reduces to

€z’ =-]é" [(Ep +-€q) - (€p - Gq)(cos 267 - 0.035 Az sin 261)] - (12)

If the values from equations (10), (11}, and (12) are substi-
tuted 1in the usual eguatlions for calculating principal strains,

€p,q = El_;:i§ iﬁqg W/Q;l -ep)? 4 (ep - €3)° (13)
Then apparent principal strains cp’ and cq' are calculated
ep' = €p + 0.00875 ypgy M (1)
where M 18
[ (43~ 51) sin 26, + (Ay- 0.5A1 - 0.54z) sin 46y + (Az- A1) sin? 26,1
€' = €q + 0.00875 rpgx M (2)
where M 1sg
[(43- A1) sin 261 - (42 - 0.543 - 0.543) sin 40y - (Az - 4;) sin? 26, ]

If the values from equations (10), (11}, and (12) are substi-
tuted in the usual equation for calculating the direction of the
ma jor principal axis measured from gege 1 of the rosette,

2€5 =~ € - €
tan 28, = g L 3

o (14)

€ -~ €3

Then

10
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tan 20p' = - M S (15)
where M 1is '

2 8in 264 - 0.03547 sin 2037 + 0.03543 sin 2031 + 0.074p cos 2683
- 0.03547 sin 267 - 0.035Az sin 261 + 2 cos 28]

Equation (15) defines en apperent angle 6p', which vould be
calculated es the direction of the major principal axis measured
counterclockwise from the direction of €;. ILet A De the dis-
placement of the apparent principal direction from the true prin-
cipal direction, then by figure 2 i R o

Op' =380 + & - 63
Therefore
tan 26p' = tan 2 (360 + 4 - 61) = - tan (261 - 24)
tan 267 - tan 24 ten 267 - 0,0354
" T+ ten 267 tan 2A ~ ~ 1 + 0,0358 tan 287
gin 267 - 0.035A cos 203
tan 265" = =
an &% cos 28, + 0.035A sin 201 (16)

After the two expresslions for tean ZBP' in equations (15) and (16)
have heen equated, the value of A may be calculated.

A =-[Ag cos? 267 +0.5 (A1 +43) sinf 207 - 0.25 (A1 - A3) sin 461]
(17)
Therefore
6p' =6p+ A =6p-M (3)
where M is
[ag cos? 267 + 0.5(A1 + 43) sin 207 - 0.25 (A1 - 43) sin 461])

Case IT ~ equiangular rosette, - The expression for €;' of
the equiangular rosette 1s the same as that for €,' of the vrec-
tangular rosette, :

€1 = % [(Gp + eq) + (ep - eq) cos 2(61 + 360 + Al)]

1 '
= [(ep + €g) + (e - €g)(cos 26; - 0.035 A3 sin 267)] (10)

11
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Clep + eq) + (ep - €g) cos 2 (81 + &z + 60) ]

M : o (18)

i o

where M 1is

(ep+eq) =(ep- Cq_)[(—%+ 0.0175 v’EA2> cos 261 + “—% - 0.0175Ag> sin ze;_]

€' == [(€p + €q) + (€p ~ €4) cos 2(6y + 83 + 120)]

i~ ol

M (18)
where M 1is
{f€P+€Q)- (ep -Eq)[(%'- 0,0175«/31\3) cos Z_él- 6—(—24-0.017&3) sin 261 ]1

If equatione (10), (18), and (19) are substituted in the expressions
for principal strains

€y + €, + €
1 €275 V2 2 2 2
“prg = 3 *3 \/((Cl - €2)° + (& - €)% + (C2 - €3)

(20)

When small quantitles of the second order of magnltude are neglected

€p' = €p + 0.00875 ymax M (4)

where M is

I:[g- (Az - A2) (cos 267 - cos 467) +% (A + Az - 2471 )(8in 201 + 8in 461)]

€g' = €g + 0.00875 ypax M (5)
where M 18
/3 (87 -~ A2) 2 = ) 2
—= (83 - 42 (cos 201 + cos 467) +3 (b2 + A3 - 241)(sin 26 - sin 464)

The angle of the major principal.sxis measured counterclockwise from
gage 1 is given by

1z



NACA TN Ng. 1133

M3 (€2 - €3)
ten 20p = Gl (21)
With equations (10), (18), and (19} substituted
tan ZGP' = - M - (22)

wvhere M is

3(0.0175)(Ap + A3) cos 261 + [”5 + V3 {0.0175) {4z - Az)] s.in 201
[3+0.0175 3 (43 ~43)] cos 26y ~[0,0741 +0.0175 (4z +43)] sin 26y

With equation (22) equated to equation {18) for an equiangular
rosette A becomss !
A =-[-"-§- (a3 - Ag) sin 46 +% (A +8z) (2 cos? 26y +.1)+§ 8y .8in? 261]

(23)
Hence

ep' = BP - M (6)

where M 1is

~
[“i—g- (43~ 82) sin 469 +-]§' (As +483) (2 cos® 291+l)+-§ Ay sin? '291]
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TABLE I ~ EXPERTMENTAL AND PREDICTED ERRCRS CAUSED BY MISATINEMENT

OF STRATN GAGES TN A RECTANGULAR ROSETTE
[411 straing are in microin. /in.]

Theoretical angle} Major apparent Minor apparent Major principal axis ori-
of gage 1 with principal strain | princiral strain | entation to gege 1 (deg)
major principal I"muolExper-[Pre~ | TruelExper-|Pre- True | BExper- Pre-~
gtrain, 6; (deg) imen~ |dicted imen- |dicted lmen- dicted
tal |by sal  {by al by
aqua- equa- equa~
tion tion tion
Ol s | 177 175 {-283] ~285 | -28B3 ~0.9 2.3 -3.0
225 175 | 186 | 187 !-28%| -286 | -288 | -23.9 | -24.1 -25.0
45 175 | 188 | 185 |-283) ~284 | -283 | -45.9 | -45,5 -46.5
67-]2-' 175 | 178 | 175 |-283| =278 | -276 | -68.4 | -68.6 ~69.5
90 175 | 178 175 | -283) ~2B4 | ~2B3 -90,9 -92.0 -93.0
112% 75 | 179 180 |-283| -291 | -295 | -113.4 | -~114.7 -115,0
135 7S | 175 175 |-283) -291 | -292 § -135.9 | -135.86 -136.5
1
> 75 § 169 168 |-283| -283 | -283 | -158.4 | -158.7 ~-159.5
180 175 { 177 | 175 |-283{ -285 | -283 -.9 -2.2 -3.0

National Adviasory Cammittee
for Asronautics
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Figure I. - Polygon for testing alinement of strain gages in
rosettes. Three strain gages one-sixteenth by one-six-
teenth inch shown mounted in form of rectangular rosette.
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(a) Rectanguldr rosette.

H

<p' NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(b) Equiangular rosette.
Figure 2. -~ Rosette strain vectors.



